Aim: Previous studies have reported different brain morphologies in different cognitive subgroups of patients with schizophrenia. We aimed to examine the brain structures and functional connectivity in these cognitive subgroups of schizophrenia.
Patients with schizophrenia display cognitive deficits in various kinds of neuropsychological tasks. It has been reconceptualized that cognitive impairments across domains that share a common neurobiological source may lead to 'generalized' or 'global' cognitive impairments, not specific impairments, in schizophrenia. 1, 2 Decades of research have revealed that cognitive impairment is a prominent aspect of the psychopathology of schizophrenia. 3 Cognitive impairment is a critical determinant of quality of life and social function in people with this disorder, possibly playing a more substantial role than the severity of symptoms such as hallucinations and delusions. [4] [5] [6] [7] [8] Moreover, studies have suggested that cognitive impairment can also be a marker of outcome prediction for the prodromal or initial stages of the illness. However, it is difficult to elucidate the pathology of cognitive impairment because of the heterogeneity of schizophrenia. 7, 9 As understanding the mechanisms of cognitive impairments in schizophrenia is expected to contribute to treatment, 10 cognitive function is included as a dimensional assessment in the diagnostic criteria (DSM-5) to highlight the potential need for treatment and to specifically target cognitive remediation. 1 Cognitive impairments in psychotic disorders have been reported to be related to brain structures, such as prefrontal and temporolimbic regions. [11] [12] [13] [14] Brain volume alterations, such as larger ventricles, decreased gray matter and white matter volume, and alterations in insula, thalamus, and anterior cingulate cortex volume, have been commonly identified in schizophrenia. 15 The Enhancing Neuro Imaging Genetics through Meta-Analysis (ENIGMA) Consortium 16 and a Japanese consortium, the Cognitive Genetics Collaborative Research Organization (COCORO), 17 independently revealed smaller-thannormal hippocampal, amygdalar, thalamic, and accumbal volumes, as well as a smaller-than-normal intracranial volume in schizophrenia. The possible clinical significance of these structural abnormalities in subcortical regions in schizophrenia has recently been reported as an association between hippocampal and accumbal volumes and memory function 18 and the relationship between the right thalamic volume and cognitive deficits and social function. 19 In a diffusion tensor imaging study, structural connectivity in right frontal white matter and the corpus callosum was revealed to be related to social function in schizophrenia. 20 These findings suggest that cognitive impairments are related to alterations in brain structures in patients with schizophrenia.
As schizophrenia is a heterogeneous mental disorder, it is desirable to perform subgroup classification to elucidate the pathophysiology and development of new diagnostic and treatment methods. Cognitive impairment, one of the core features of schizophrenia, has been suggested to be useful for classifying subgroups. 1, 3, 21 Weickert et al. 22 reported a variety of intellectual impairment patterns in patients with schizophrenia, including intellectual decline (deteriorated), preserved abilities (preserved), and premorbid deficits (compromised). This variability seems to suggest potential heterogeneity in the neuropathology of schizophrenia based on cognitive status. Furthermore, the following two studies reported that there were different alterations in brain structures in patients with schizophrenia classified according to these cognitive subgroups. 23, 24 Czepielewski et al. 23 showed that patients with schizophrenia with a compromised IQ had smaller-than-normal total brain volume, intracranial volume, total brain volume corrected for intracranial volume, cortical gray matter volume, cortical thickness, and insula volume. They also reported that patients with schizophrenia with a preserved IQ showed reduced cortical gray matter volume and cortical thickness. 23 Weinberg et al. 24 reported that patients with schizophrenia had significantly reduced inferior parietal volume compared to that of healthy controls (HC). The severely deteriorated schizophrenia group showed significantly reduced total hippocampus, precuneus, lingual gyrus, and superior temporal gray matter volumes relative to those of the preserved group. 24 In this way, the cognitive subgroups of people with schizophrenia according to a decline in IQ could be underpinned by different brain morphologies. 22 However, the relationship between brain physiology and subgroups of patients with schizophrenia based on IQ decline has not yet been elucidated. In this study, we aimed to comprehensively replicate differential structural alterations based on the IQ decline in subgroups of patients with schizophrenia in a larger population and to examine whether the differential alterations in brain structures influence the functional brain connectivity across these subgroups of schizophrenia based on IQ decline.
Methods

Participants
The subjects consisted of 171 patients with schizophrenia (60 for brain connectivity analysis) and 633 HC (234 for brain connectivity analysis). Diagnostic and exclusion criteria have been described previously. 19, 25 Written informed consent was obtained from all subjects after the procedures had been fully explained.
The study was performed in accordance with the World Medical Association's Declaration of Helsinki and was approved by the Research Ethical Committee of Osaka University. All participants provided written consent to the study after full explanation of the study procedures. Anonymity was preserved for all participants.
Cognitive measures and other measures
All participants were administered the full-scale Wechsler Adult Intelligence Scale -III (WAIS-III)26 to obtain their current IQ and the Japanese version of the National Adult Reading Test 50 (JART) 27 to obtain an estimated premorbid IQ score. The Wechsler Memory Scale -Revised 28 was administered to assess the memory functioning of the participants. Current symptoms of schizophrenia were evaluated using the Positive and Negative Syndrome Scale (PANSS). 29 Daily doses of antipsychotics, expressed as the chlorpromazine equivalent (CPZeq), in patients were calculated according to previous literature. 30 Classification of IQ decline subgroups Based on previous findings, 22 we classified patients with schizophrenia into three groups: (i) deteriorated, those displaying a meaningful decline in IQ (≥10 points) as evidenced by the difference between current IQ (based on the full-scale IQ score of the WAIS-III) and estimated premorbid IQ score (based on the JART score); (ii) preserved, those having an estimated premorbid IQ score above 90 and less than a 10-point difference between their estimated premorbid IQ and their current IQ; and (iii) compromised, those displaying an estimated premorbid IQ score below 90 and less than a 10-point difference between their estimated premorbid IQ and their current IQ. The existence of a 10-point IQ decline took precedence over either of the cutoff strategies described. The numbers in each group were as follows: deteriorated, n = 111 (65%); preserved, n = 54 (32%); and compromised, n = 6 (4%) ( Fig. S1 ). As the compromised group was too small (n = 6), we excluded this group from the analysis.
Statistical analysis for demographics and clinical characteristics
Statistical analyses were performed using SPSS for Windows Version 24 (SPSS Japan Inc., Tokyo, Japan). Group comparisons of sex were performed using the χ 2 -test. We performed t-tests to compare clinical characteristics between preserved and deteriorated groups, and analysis of variance (ANOVA) was employed for comparisons of continuous variables, as appropriate. For defining statistical significance, we set the type I error rate (P-value) at 0.05. Cohen's d effect sizes were calculated from the overall group contrast.
Structural and functional imaging and volumetric and connectivity processing
We performed magnetic resonance imaging (MRI) and obtained T1-weighted images with two different scanners: Osaka A and Osaka B. We scanned 109 patients (deteriorated, n = 70; preserved, n = 34; and compromised, n = 5) and 399 HC with Osaka A; and 62 patients (deteriorated, n = 41; preserved, n = 20; and compromised, n = 1) and 234 HC with Osaka B. The scanner type for Osaka A was a GE 1.5 T, Signa EXCITE. T1-weighted images, using a fast-spoiled gradient echo (SPGR) and a head QD coil, were acquired with the following parameters: repetition time (TR) = 12.6 ms, echo time (TE) = 4.2 ms, inversion time (TI) = 400 ms, flip angle = 15 degrees, matrix = 256 × 256 × 124, field of view (FOV) = 240 × 240 × 172 mm, voxel size = 0.9375 × 0.9375 × 1.4 mm, slice thickness = 1.4 mm, and number of slices = 124. The slice orientation was in the sagittal plane. The scanner type for Osaka B was a GE 3.0 T, Signa HDxt. T1-weighted images, using a fast SPGR and an 8HRBRAIN coil, were acquired with the following parameters: TR = 7.2 ms, TE = 2.9 ms, TI = 400 ms, flip angle = 11 degrees, matrix = 256 × 256 × 172, FOV = 240 × 240 × 172 mm, voxel size = 0.9375 × 0.9375 × 1 mm, slice thickness = 1 mm, and number of slices = 172. The slice orientation was in the sagittal plane.
We performed structural image processing in the same way as that performed in our previous study. [17] [18] [19] We checked original T1-weighted images through visual inspection for quality control. We excluded images with a low signal-to-noise ratio or any artifacts, those with partial deficits, and those with any abnormal organic findings. Next, we processed T1-weighted imaging data that had passed the first quality-control step with FreeSurfer software version 5.3 (http://surfer.nmr.mgh.harvard.edu). 30 Through this procedure, we obtained images showing the subcortical segmentation and regional volumes (for the hippocampus, amygdala, thalamus, nucleus accumbens, caudate, putamen, globus pallidus in both hemispheres, and the intracranial volume [ICV]). After that, two independent researchers visually inspected each segmentation image to exclude images with poor segmentation. No subject was excluded due to the failure of FreeSurfer processing. After these two quality-control steps, we obtained the raw subcortical volume data. The analytical methods used in the study by van Erp et al. 16 from ENIGMA-SZ were followed in this analysis. We employed the normalized regional volume to remove the effects of the confounding factors considering linear and nonlinear age effects on subcortical regional volumes as described previously. [17] [18] [19] We also extracted cortical thickness measures from both scanners using Freesurfer 5.3 (http://surfer.nmr.mgh. harvard.edu). Cortical parcellations were created based on the Desikan-Killiany atlas, with a total of 68 (34 left and 34 right) cortical gray matter regions. Hemispheric average cortical thicknesses were also calculated. Based on the standardized ENIGMA protocols (http://enigma.ini.usc.edu/protocols/imaging-protocols), the segmentations were visually inspected by three independent researchers and statistically evaluated for outliers.
MRI scanning for resting-state fMRI (rs-fMRI) was performed on Osaka B, a GE 3.0T Signa HDxt using an 8HRBRAIN head coil. RsfMRI was acquired using a T2* echo-planar imaging (EPI) sequence with the following parameters: TR/TE, 2000 ms/30 ms; flip angle, 90 ; acquisition matrix, 64 × 64; FOV, 220 mm × 220 mm; voxel size, 3.44 mm × 3.44 mm × 3.50 mm; slice thickness, 3.50 mm; and slice gap, none. Each brain volume consisted of 40 axial slices, and each functional run contained 150 image volumes preceded by four dummy volumes. Participants were asked to stay awake, not to focus their thoughts on anything in particular, and to keep their eyes closed during rsfMRI scanning.
RsfMRI data preprocessing was performed with Data Processing Assistant for Resting-State fMRI Advanced Edition (DPARSF-A) version 2.1 software, 31, 32 which is a MATLAB (MathWorks, Natick, MA, USA) toolbox. Imaging data were adjusted for a temporal shift in acquisition, spatially realigned to the middle slice, nonlinearly normalized to the EPI MNI template (resulting in an isotropic voxel size of 3 × 3 × 3 mm), smoothed using a full-width at half-maximum kernel of 4 mm, and bandpass filtered (0.01-0.1 Hz). Nuisance signals from the head-motion time series estimated by the Friston 24-parameter model, 33 as well as signals from white matter and cerebrospinal fluid signals, were regressed out of each voxel's time course. Moreover, the head motion scrubbing regression was modeled using the following parameters: framewise displacement threshold for 'bad' time-points, 0.5; scrubbing time-points before 'bad' time-points, 1; and scrubbing time-points after 'bad' time-points, 2. 34 Finally, the time course data were processed for each voxel, as well as for each of the brain regions defined by the Harvard-Oxford atlas distributed with FSL (http://www.fmrib.ox.ac.uk/fsl/), by averaging over voxels within each region. Intraregional correlation coefficients indicating the extent of synchronicity were calculated between every pair of a subcortical region and a voxel, and connectivity maps were created. Correlation coefficients representing functional connectivity (FC) were converted to z-scores using Fisher's transformation.
Statistical analysis for imaging data
Statistical analyses were performed using SPSS for Windows Version 24 (SPSS Japan Inc., Tokyo, Japan). For each segmented structure, except for the ICV, a total of 798 subjects (633 controls, 111 patients with deteriorated IQ, and 54 patients with preserved IQ) were compared using analysis of covariance (ANCOVA), including age, sex, type of MRI scanner, and ICV as covariates. The ICV was analyzed using ANCOVA, including age, sex, and type of MRI scanner as covariates. Because there were 94 brain regions, statistical significance was defined at P < 5.3 × 10 −4 . All reported P-values are based on two-tailed tests. Post-hoc comparisons were performed after ANCOVA using the Bonferroni correction when there was a significant difference among the groups. Statistical significance was defined for post-hoc comparisons at P < 0.05. Cohen's d effect sizes were calculated between the groups. 
No. (%) with data, (male/female) The mean (SD) differences in values among individuals with SCZ who have deteriorated IQ, those who have preserved IQ, and HC. † All values between the three groups, except for sex, were analyzed by ANOVA (Sex was analyzed by χ 2 -test). ‡ Post-hoc comparisons were performed after ANOVA using a Bonferroni correction. § The mean (SD) differences in brain volume (cm 3 ) or thickness (mm) among individuals with SCZ who have D-IQ or P-IQ and HC. All values, except for ICV, were analyzed with age, sex, ICV, and types of MRI machine as covariates (ICV was analyzed with age, sex and MRI machine as covariates).
A total of 294 subjects (234 controls, 40 patients with deteriorated IQ, and 20 patients with preserved IQ) were analyzed for brain connectivity. The second-level analyses of seed-based FC maps were performed in SPM12 (Wellcome Department of Cognitive Neurology, London, UK) running on MATLAB R2014b. We compared functional connectivity maps seeded in the bilateral thalamus, accumbens, amygdala, caudate nucleus, hippocampus, pallidum, and putamen between the deteriorated group and control group, the preserved group and control group, and the deteriorated group and preserved group controlling for age and sex. For the analysis of FC maps, the statistical threshold was set at an uncorrected P < 0.001 at the voxel level and a family-wise-error-corrected P < 0.05 at the cluster level.
Results
Demographic, cognitive, and clinical characteristics There was no significant difference in sex and age among the three groups; however, ANOVA revealed significant differences in years of education, estimated premorbid FIQ (FIQ from the JART) and current FIQ (FIQ from the WAIS-III) among the three groups (Table 1) . After post-hoc comparisons, the HC group had significantly more years of education than the deteriorated group, but there was no significant difference in years of education between the preserved group and either the control group or the deteriorated group (Table 1) . Posthoc comparison analyses also indicated that the HC group had higher estimated premorbid IQ scores than the preserved and deteriorated Table 4 . Subcortical brain volume comparisons among subgroups of subjects SCZ HC
Statistics
Effect size The mean (SD) differences in subcortical brain volumes (cm 3 ) among individuals with SCZ who have D-IQ or P-IQ and HC. All values, except for ICV, were analyzed with age, sex, ICV, and types of MRI machine as covariates (ICV was analyzed with age, sex, and MRI machine as covariates). 
Effect size D-IQ P-IQ D-IQ-P-IQ-HC † D-IQ-HC ‡ P-IQ-HC ‡ D-IQ-P-IQ ‡ D-IQ-HC P-IQ-HC D-IQ-P-IQ Regions n = 111 n = 54 n = 633 F-value P-value P-value d groups; however, there was no significant difference between the preserved and deteriorated groups ( Table 1 ). The HC group had a higher current IQ score than the preserved and deteriorated groups, and the preserved group had a higher current IQ score than the deteriorated group, as defined in this study (Table 1) . Similar to the current IQ score, memory performance data also showed lower memory The mean (SD) differences in cortical brain volumes (cm 3 ) with significant alterations in either hemisphere among individuals with SCZ who have D-IQ or P-IQ and HC. Covariates appearing in the model were age, sex, intracranial volume, and type of MRI scanner. *P < 5.3 × 10 -4 was considered significant. ‡ Post-hoc comparisons were performed after ANCOVA using a Bonferroni correction. When there were significant differences among the groups. *P < 0.05 was considered significant. The Cohen's d effect sizes (d) are indicated. Significant differences are shown in bold. D-IQ, deteriorated IQ; HC, healthy controls; P-IQ, preserved IQ; SCZ, schizophrenia. performance in the two schizophrenia groups than in the HC group, and memory performance was much lower in the deteriorated group than in the preserved group (Table 1) . We compared clinical data between the deteriorated and preserved groups. No significant differences in age of onset or periods of illness were observed between the two groups (Table 2 ). However, the Global Assessment of Functioning score was significantly higher in the preserved group than in the deteriorated group. The PANSS total score, Negative score, and General score were significantly better in the preserved group than in the deteriorated group, while the PANSS Positive score was not significantly different between the two schizophrenia groups ( Table 2 ). Daily doses of antipsychotics, based on the total amount of chlorpromazine equivalence (CPZeq), and CPZeq of typical antipsychotic drugs in the deteriorated group were significantly higher than those in the preserved group (Table 2 ). These data suggested that the deteriorated group had more severe clinical symptoms and was administered more antipsychotic drugs than the preserved group.
Structural imaging analysis
The deteriorated group showed more extensive abnormal brain structures than the HC, and this effect was not apparent in the preserved group (Tables 3-5 , Figs 1,2) . The deteriorated group showed significantly decreased whole brain gray matter and total cortical gray matter volumes and decreased bilateral cortical thickness ( Table 3 , Fig. 1 ); increased right lateral ventricle volume (Table 4) ; and decreased volumes of the right fusiform gyrus, left pars orbitalis gyrus, right pars triangularis, left superior temporal gyrus, and left insula (Tables 5 and S1), compared to those in the HC group and in the preserved group, while there were no significant differences in these areas between the preserved and HC groups. These results might suggest that alterations in these brain areas were specific morphological features in the deteriorated subgroup of schizophrenia. Compared to the HC group, the deteriorated group showed significantly decreased total brain volume ( Table 3 , Fig. 1 ), increased right pallidum volume ( (Table 5) , while there were no significant differences in these measures between the preserved group and the other two groups (Tables 3-5 and S1, Figs 1,2) .
Compared to the HC group, both the deteriorated and preserved groups showed significantly increased volumes in the left lateral ventricle, right putamen, and left pallidum, a decreased bilateral hippocampal volume (Table 4, Fig. 2) , and decreased volumes of the left precentral gyrus, right rostral middle frontal gyrus, and bilateral superior frontal gyrus (Table 5) ; however, no significant differences in the volumes of these regions were observed between the deteriorated and preserved groups (Tables 4,5 and S1, Fig. 2) . These results suggested that these morphological brain alterations appeared in schizophrenia regardless of the cognitive subgroup. The cortical brain volumes for all regions are shown in Table S1 . In addition, correlational analysis between the 94 brain morphological values and the degree of cognitive decline in patients with schizophrenia did not show any significant correlation, except for left cortical thickness (P = 2.19 × 10 −4 ).
Brain connectivity analysis
To examine the influence of the alterations in subcortical and cortical volumes in brain physiology, we analyzed brain connectivity between subcortical regions, such as the thalamus, accumbens, amygdala, caudate nucleus, hippocampus, pallidum, and putamen as seeds and other brain regions using a subset of subjects from the structural analysis (deteriorated patients, n = 40; preserved patients, n = 20; HC, n = 234; detailed information in Table S2 ).
We compared functional connectivity maps seeded in the bilateral thalamus between the two cognitive phenotype groups and the HC group Fig. 3 ). Hyperconnectivity between the thalamus and widespread cortical areas was observed in the deteriorated group compared with connectivity between these regions in HC. Most of the regions showing hyperconnectivity with the thalamus were found only in deteriorated patients, and this hyperconnectivity was not prominent in the frontal lobe (Fig. 3 ). However, hyperconnectivity in several cortical regions, Brain regions are shown that exhibited significant connectivity with the left or right thalamus when they were used as the seeds in patients with schizophrenia with D-IQ or P-IQ compared with connectivity in healthy controls. The threshold for significance was set at a cluster-level familywise-error-corrected P < 0.05. D-IQ, deteriorated IQ; P-IQ, preserved IQ.
PCN Psychiatry and
Clinical Neurosciences Cognitive/brain biotype in schizophrenia including the inferior parietal lobule, medial frontal gyrus, middle frontal gyrus, middle temporal gyrus, postcentral gyrus, precentral gyrus, and superior frontal gyrus, was observed in both deteriorated and preserved patients. Hypoconnectivity between the bilateral thalamus and contralateral thalamus was found only in deteriorated patients compared with the connectivity between these regions in HC (data not shown). No brain regions had significantly different levels of connectivity between the two schizophrenia cognitive subgroups (data not shown). We compared functional connectivity maps seeded in the bilateral accumbens and other subcortical regions among the two cognitive phenotype groups and the HC group. Overall, hyperconnectivity between seeds of subcortical regions and other subcortical regions, the posterior cingulate, precuneus, and cuneus was prominent in deteriorated patients compared with the connectivity between these regions in HC, while hyperconnectivity in these regions was not apparent in preserved patients compared with connectivity in HC (Table S3 , Figs S2-S9). However, hyperconnectivity between the accumbens seed and the frontal, temporal, and precentral gyri was observed in preserved patients compared with HC; while, hyperconnectivity between the accumbens seed and abovementioned cortical areas was not observed in deteriorated patients compared with connectivity in HC (Fig. 4a,b , Table S3 ). A direct comparison of the functional connectivity between preserved and deteriorated patients revealed that preserved patients showed significant hyperconnectivity between the accumbens seed and the superior and middle frontal gyri (Fig. 4c , Table S3 ). No brain regions showed significant hyperconnectivity with any seed region, except the accumbens, in the two schizophrenia cognitive subgroups (data not shown).
Hypoconnectivity between seeds in the amygdala, hippocampus, pallidum and putamen, and cortical areas, including the insula, temporal gyrus, frontal gyrus, central gyrus, and cingulate gyrus, was observed in deteriorated patients compared with connectivity in HC, and similar, but less prominent, hypoconnectivity between seeds in the putamen was observed in preserved patients compared with connectivity of HC (Table S4 and Figs S10-S14). No brain regions showed significant hypoconnectivity with any seed region between the two schizophrenia cognitive subgroups (data not shown).
Correlational analysis between cognitive decline in patients and functional connectivity with all subcortical regions as seeds was performed. No correlation was observed except for the positive correlation between the seed in the left hippocampus and the right insula and transverse temporal gyrus (Table S5 and Fig. S15 ).
Discussion
In this study, we revealed that the deteriorated patients with schizophrenia had a broader range of changes in brain structures and functional connectivity than the preserved patients with schizophrenia. We confirmed increased left lateral ventricle and left pallidum volume and decreased bilateral hippocampus, left precentral gyrus, right rostral middle frontal gyrus, and bilateral superior frontal gyrus volume in deteriorated and preserved patients compared to controls in a cohort with a larger sample size than that in previous studies, 23, 24 suggesting that these brain structural alterations in schizophrenia were not specific to cognitive subgroups. We also revealed that reductions in whole brain gray matter, total cortical gray matter, right lateral ventricle, right fusiform gyrus, left pars orbitalis gyrus, right pars triangularis, left superior temporal gyrus and left insula volumes, and bilateral cortical thickness were characteristic brain structural alterations in the deteriorated cognitive subgroup. Previous studies have reported that high-risk individuals show hippocampal and amygdalar abnormalities before schizophrenia onset. 35, 36 The right pars triangularis was reported to be smaller in individuals at high risk for schizophrenia or schizoaffective disorder than in controls. 37, 38 These reports and our findings suggest that high-risk individuals with a smaller right pars triangularis gyrus volume may be more likely to develop a deteriorated cognitive profile in schizophrenia.
Brain functional connectivity analysis showed abnormal connectivity, such as hyperconnectivity, between the thalamus and cortical regions, which was a dominant pattern in deteriorated patients with schizophrenia, suggesting that these alterations could be related to the neurophysiological mechanisms of cognitive impairment in schizophrenia. We found hyperconnectivity between the thalamus and a broad range of brain regions in the deteriorated patients with Fig.3 Hyperconnectivity between the thalamus and widespread cortical areas in deteriorated patients. Hyperconnectivity between the (a) left thalamus and (b) right thalamus and other brain areas are shown. Red indicates significant hyperconnectivity in the deteriorated patients compared with connectivity in healthy controls (HC), green indicates significant hyperconnectivity in the preserved group compared with connectivity in HC, and yellow indicates merged areas of red and green. The threshold for significance was set at a cluster-level familywise-error-corrected P < 0.05. Fig.4 Hyperconnectivity between the accumbens and the frontal and temporal gyri in preserved patients. Hyperconnectivity between the right accumbens and other brain areas in preserved patients compared with connectivity in (a) healthy controls (HC), (b) deteriorated patients compared with that in HC, and (c) preserved patients compared with that in deteriorated patients are shown. Green indicates significant hyperconnectivity in the preserved patients compared with connectivity in HC. Red indicates significant hyperconnectivity in the deteriorated patients compared with connectivity in HC. Light blue indicates significant hyperconnectivity in the preserved patients compared with connectivity in deteriorated patients. The threshold for significance was set at a cluster-level family-wise-error-corrected P < 0.05. schizophrenia, but this effect was not prominent in the frontal lobe ( Fig. 3 , Table 6 ). Hyperconnectivity between the thalamus and brain regions in preserved patients with schizophrenia was much less evident than that in deteriorated patients with schizophrenia. Prior rsfMRI studies in patients with schizophrenia have reported decreased thalamo-prefrontal connectivity and increased thalamotemporal and thalamo-sensorimotor connectivity. 39, 40 The thalamus is known for relaying sensory and motor signals to cortical regions, a function that could underlie the neurobiology of sensorimotor gating abnormalities observed in patients with schizophrenia. 41 An experimental animal study reported auditory sensory gating functions in reticular thalamic neurons, which were disrupted by the psychostimulant D-amphetamine. 42 Taken together, thalamotemporal and thalamo-sensorimotor hyperconnectivity could be a physiological biomarker of cognitive dysfunction in schizophrenia related to abnormal sensorimotor gating.
Hyperconnectivity between the accumbens and superior/middle frontal gyrus was observed in preserved patients compared with the connectivity in deteriorated patients ( Fig. 4 and Table S3 ). One of the dopaminergic pathways, the mesocorticolimbic pathway, functions as a reward system that controls the response to rewards. The nucleus accumbens and the frontal gyrus are included in the mesocorticolimbic pathway, and the accumbens play an important role in the reward system. Because intrinsic motivation is impaired in patients with schizophrenia, it is essential to enhance intrinsic motivation during cognitive remediation therapies, which is one of the most effective cognition-enhancing methods in schizophrenia. 43 Taken together, hyperconnectivity between the accumbens and the frontal gyrus in preserved patients might be related to protective alterations in preserved patients.
Hyperconnectivity among the subcortical regions, including the amygdala-caudate, pallidum-caudate, and pallidum-thalamus connections, was observed in deteriorated patients with schizophrenia (Table S3 ). There are anatomical projections from the amygdala to the caudate, from the caudate to the pallidum, and from the pallidum to the thalamus, and this circuit is involved in emotional behaviors. As more negative symptoms were observed in the deteriorated patients with schizophrenia than in the preserved patients, the hyperconnectivity of this circuit might be a compensatory alteration.
Hypoconnectivity between subcortical regions and the insula and cingulate gyrus was prominent in deteriorated patients with schizophrenia; however, this hypoconnectivity was much less evident in preserved patients (Table S4 ). The insula and cingulate gyrus have been implicated in cognitive, affective, and regulatory functions, and these regions form a salience network that functions to emphasize the most relevant of all internal and external stimuli to guide behavior. The salience network plays a crucial role in the dynamic switching between endogenously mediated/self-referential mental activity (default mode network) and exogenously driven/cognitively demanding mental activity (central executive network). 44 Because salience network dysfunction has been demonstrated in schizophrenia and might be related to cognitive impairment in schizophrenia, 45 this dysfunction could be due to the hypoconnectivity between subcortical regions and the insula and cingulate gyrus, which are important components of the salience network.
Our study has several limitations. First, the estimated premorbid IQ score was retrospectively calculated. Second, it is possible that the disease may progress in preserved patients with schizophrenia, meaning that later these patients could be categorized into the deteriorated patients with schizophrenia subgroup. In this case, the differential alterations in brain structure and functional connectivity among the cognitive subgroups would have only reflected a particular stage of the disease. However, there was no significant difference in either the age of onset or the duration of the illness between the deteriorated and preserved patients. These results support the notion that the preserved patients could not be an earlier stage of the disease than deteriorated patients. Third, the structural and functional brain alterations between the two cognitive subgroups could not be due to the subgroups but only to the degree of cognitive decline. The correlational analysis between the brain phenotypes and degree of cognitive decline showed little evidence for an association (left thickness and connectivity between left hippocampus and right insula and transverse temporal gyrus), suggesting that differential brain morphology and function might be influenced by cognitive subgroups rather than the degree of cognitive decline. However, further studies using a larger sample size may be useful for drawing conclusions.
In this study, we replicated altered brain structures between cognitive subgroups based on IQ decline in schizophrenia, consistent with previous findings, in a larger cohort. 23, 24 Moreover, we observed possible hyper-and hypoconnectivities between subcortical regions and a broad range of brain regions in patients in different cognitive subgroups. These results suggest the possibility that subgroups based on levels of IQ decline may be useful for the exploration of brain pathophysiology in patients with schizophrenia. Because cognitive impairments and brain structural alterations are often found in schizophrenia but are not specific features of schizophrenia, a similar examination in other forms of psychosis is warranted for future investigation.
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